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Scaphiophryne gottlebei andMantella expectata are two endemic and threatened frog species that live syntopically in
the arid Isalo Massif in southern Madagascar. They share large parts of their distribution areas but differ in their
natural history. Scaphiophryne gottlebei is more often found in canyons, while M. expectata prefers open habitats.
Using samples from their known distribution areas, we investigated the genetic variability of these species by analyzing
an approximately 600 base-pair fragment of the mitochondrial cytochrome b gene. Both species include a few
widespread and common haplotypes as well as a number of other, geographically restricted ones. However,
M. expectata exhibits more geographic substructure than S. gottlebei, in which one main haplotype represents
individuals from various localities across the largest part of the distribution range. Comparing populations inside and
outside of the Parc National de l’Isalo showed that the park does not harbour the bulk of the overall genetic diversity
of the two species. These results emphasize the importance of so far unprotected habitats for the conservation of
genetic variation in the endemic fauna of the Isalo region and of Madagascar in general.
r 2008 Gesellschaft fu¨r Biologische Systematik. Published by Elsevier GmbH. All rights reserved.
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.Introduction
Madagascar is renowned for its unique biota (Goodman
and Benstead 2003), which are threatened by habitat
destruction and degradation (Myers et al. 2000). Recent
zoological studies integrating intensive ﬁeld surveys
and the application of molecular methods have revealed
an astonishing degree of microendemism within theik. Published by Elsevier GmbH. All rights reserved.
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that are restricted to smaller, sometimes very small
ranges. Various hypotheses have been proposed to
explain this phenomenon, e.g. isolation within mountain
refuges (Raxworthy and Nussbaum 1995), rivers as
barriers to gene ﬂow (Pastorini et al. 2003; Louis et al.
2006) or isolation in river drainages (Wilme´ et al. 2006).
Microendemism presents particular challenges to con-
servation strategies, which require adequate and simul-
taneous consideration of a variety of taxa to be
representative (Kremen et al. 2008).
While the rainforest of easternMadagascar is known for
its richness in amphibian diversity, comparatively little
attention has been paid to the arid areas of Madagascar.
Recent analyses have shown that some of the latter are of
paramount relevance to the conservation of amphibians
(Andreone et al. 2005a). One of them is the Isalo Massif in
south-western Madagascar, a huge mass of rocky sand-
stone crossed by numerous canyons of various length,
width and depth (ANGAP 2003; Mercurio et al. 2008) that
harbours a comparatively large number of endemic species
of amphibians and reptiles (Andreone et al. 2006;
Mercurio et al. 2008). Part of the Massif is currently
included in the network of protected areas of Madagascar,
in the form of the Isalo National Park, one of the
country’s most important tourist destinations (ANGAP
2003). Most of the natural habitats within the park’s
boundaries can be considered as relatively safe at present,
mainly due to control by park guides and to the fact that
the inner parts of the park are difﬁcult to access except by
several days of walking. However, human population
pressures (e.g. activities related to tourism, land manage-
ment and sapphire mining) are threatening the areas
outside of the park (Duffy 2006).
The outline of Isalo National Park (INP) cannot be
considered as a barrier to gene ﬂow, as it largely
constitutes an arbitrary, legal border rather than a
natural one. Outside of the INP, collecting animals for
the pet trade is allowed and habitat degradation is
higher, but even inside, close to the borders, there is little
control by the authorities, resulting in considerable
numbers of illegal ﬁres in the lowlands and illegal wood
exploitation in the canyons. For conservation purposes
it is therefore relevant to assess which proportion of the
genetic diversity of locally endemic species is restricted
to the area outside of the park.
Among the 21 species of amphibians found at Isalo
(Mercurio et al. 2008), ﬁve are currently classiﬁed as
‘‘endangered’’ according to IUCN criteria (IUCN 2008)
among which: Scaphiophryne gottlebei Busse & Bo¨hme,
1992 and Mantella expectata Busse & Bo¨hme, 1992. Both
species have been discovered relatively recently (Busse
and Bo¨hme 1992), and are likely to be affected by similar
threats such as the continuous decline of suitable habitat
and overcollection for the pet trade due to their peculiar
colouration (Andreone et al. 2005a). The two species arealso included in Appendix II of the Convention on the
International Trade in Endangered Species (CITES).
Scaphiophryne gottlebei is a mainly nocturnal and
fossorial microhylid toad, occurs mainly in rocky pools
deep inside the canyons (Mercurio and Andreone 2006),
and shows highly seasonal breeding behaviour (Andreone
et al. 2006). Because its description was based on
specimens supplied by local collectors, the precise dis-
tribution range of this species has long remained unknown.
Detailed ﬁeld data have become available only recently,
along with new populations discovered mainly in the
northeast of the Isalo region (Andreone et al. 2005b).
Mantella expectata is a colourful diurnal frog with
alkaloid toxins in its skin (Daly et al. 1996; Vences et al.
1999). In contrast to S. gottlebei, individuals of
M. expectata are only rarely found in deep canyons.
These frogs prefer open, sun-exposed areas near the
canyons, where temporary small water pools are
available (Andreone et al. 2005b, 2006; Mercurio and
Andreone 2006; Mercurio et al. 2008). At some sites
M. expectata occurs in close proximity to, or even
in syntopy with, the phylogenetically closely related
M. betsileo Grandidier, 1872 (Rabemananjara et al.
2007). Although hybridization between these two species
has not been documented (Rabemananjara et al. 2007),
specimens with apparently intermediate chromatic traits
have been observed (Mercurio and Andreone 2006).
Due to the more restricted microhabitat preferences
of S. gottlebei, its populations can be expected to
be more isolated and fragmented than those of
M. expectata. This could result in more geographically
structured genetic variation in S. gottlebei. Furthermore,
since most populations of S. gottlebei had been found in
the northern part of the Isalo Massif, together with
isolated populations of M. expectata with a peculiar
reddish colouration, we hypothesized that the geomor-
phology of the Isalo Massif could have inﬂuenced the
distribution of these two frog species.
Here we analyse the population-genetic structure of
these two microendemic and codistributed frog species
as reﬂected by DNA sequences of a fragment of the
mitochondrial cytochrome b gene. We test (1) whether
Scaphiophryne gottlebei and Mantella expectata differ in
genetic population substructure, and (2) whether the
protected area (Isalo National Park) harbours the bulk
of the respective genetic variation in these two threat-
ened species or whether other yet unprotected sites are
equally or more important for their conservation.Material and methods
Sampling localities and tissue samples
We sampled 104 individuals of S. gottlebei from 14
different localities, and 155 specimens of M. expectata
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tion area of either species. Of these specimens, 15 of
S. gottlebei and 45 of M. expectata (from six and ten
populations, respectively) were collected within the
boundaries of the INP, whereas 89 of S. gottlebei and
110 of M. expectata (from eight and ﬁfteen populations,
respectively) were collected outside of the protected area
(Table 1). Sixteen individuals of S. gottlebei (ca. 16%)
from ﬁve different localities (including six individuals
from three localities inside the INP), and ten individuals
of M. expectata (ca. 7%) from two localities outside the
INP are tadpoles. The remaining tissue samples were
obtained by toe-clipping. Tadpoles and toe-clips were
collected in January–February and November–December
2004, and stored in 99% ethanol. Individuals from
several representative localities were collected and
preserved as vouchers in the collections of the Museo
Regionale di Scienze Naturali (MRSN) in Turin, Italy,
and of the Parc Botanique et Zoologique de Tsimbazaza
(PBZT) in Antananarivo, Madagascar. Voucher num-
bers associated with particular sequences obtained can
be retrieved from the corresponding GenBank entries
(see below).
We divided the sampling localities into two main
clusters (Table 1, Fig. 1): (1) populations inside the INP
boundaries; and (2) populations outside the park,
including Ilakaka surroundings and nearby areas, as
well as six park localities close to or directly along the
border of the INP (Tsimanolabero, Malaso, Isalo Oasis,
Zahavola, Reine de l’Isalo, and Vohitanana). The latter
six localities share with the populations outside the park
boundaries an increased risk of habitat alteration,
especially where roads are close. The two categories
(‘inside’ and ‘outside’) also roughly correspond to a
northern versus southern subdivision of the populations.DNA extraction, sequencing and alignment
Total genomic DNA was extracted from the tissue
samples using proteinase K (10mg/ml) digestion fol-
lowed by a standard salt-extraction protocol (Bruford
et al. 1992). We used the primers Cytb-c and CBJ10933
(Bossuyt and Milinkovitch 2000) to amplify a fragment
of the mitochondrial cytochrome b gene of ca. 600
nucleotides. Polymerase chain reactions (PCR) were
performed in 25 ml reactions using ca. 50 ng genomic
DNA, 2 ml each of 10 pmol primer, 0.5 ml of total dNTP
10mM (Promega), 0.1 ml of 5U/ml GoTaqs, and 5 ml
5 Green GoTaqs Reaction Buffer (Promega). PCR
conditions consisted of an initial denaturation step at
94 1C for 1:30min, 35 cycles of denaturation at 94 1C for
0:30min, annealing at 53 1C for 0:45min, followed by an
extension at 72 1C for 1:30min, and a ﬁnal extension at
72 1C for 10min. PCR products were loaded on 1%
agarose gels, stained with ethidium bromide, andvisualised on a ‘‘Gel Doc’’ system (PeqLab). If results
were satisfying, products were puriﬁed using QIAquick
spin columns (Qiagen). The heavy mtDNA strands were
sequenced using an ABI 3730XL automated sequencer
(Macrogen Inc.). Sequences were edited manually and
unambiguously aligned using the BioEdit sequence
alignment editor, ver. 7.0.5 (Hall 1999). The number
of base substitutions was determined using MEGA,
ver. 4 (Kumar et al. 2008). Sequences were merged into
haplotypes using the online application DNAcollapser
ver. 1.0 (http://www.birc.au.dk/fabox/). All newly deter-
mined sequences have been deposited in GenBank
(accession numbers: EF674586–EF674840).Exclusion of deviant sequences
After a ﬁrst exploratory reconstruction of cytochrome b
haplotype networks, two sequences initially assigned
to S. gottlebei and seven sequences initially assigned to
M. expectata clustered outside the respective networks.
The two sequences of S. gottlebei, determined from
two tadpoles sampled at two different localities, were
strongly differentiated from the other S. gottlebei
sequences (minimum distance: 16 substitutions). In a
phylogenetic analysis of cytochrome b sequences of all
Scaphiophryne species (not presented here), these two
sequences resulted as the sister clade to S. gottlebei s. str.
Two cytochrome b sequences of M. expectata originat-
ing from the southernmost part of the study region
represented an entity different from the M. expectata
and M. betsileo networks, and differed from the
M. expectata haplotype ‘‘E13’’ by 16 substitutions.
Following the protocol of Vences et al. (2000), we
sequenced a fragment of 540 bp of the 16S rRNA gene,
which is known to have highly invariable priming sites
in amphibians (Vences et al. 2005). This fragment
conﬁrmed that the above-mentioned individuals fall
outside of the respective species clusters (GenBank
accession numbers: EF674841–EF674851). Further anal-
ysis resulted in (1) ﬁve of these individuals being
assigned to Mantella betsileo, (2) one haplotype (two
sequences) initially assigned to M. expectata being
placed as sister to M. expectata s. str., and (3) the two
Scaphiophryne specimens with deviant cytochrome b
haplotypes as sister to S. gottlebei. Remarkably, the ﬁve
specimens with M. betsileo haplotypes did not show any
relevant difference in colouration from syntopic speci-
mens phenotypically ascribed to M. expectata, suggest-
ing introgression or incomplete lineage sorting for these
haplotypes. In the latter two cases, we cannot exclude
the existence of closely related, sibling species, but
clariﬁcation of this point is beyond the objectives of the
present paper. Hence, because species attribution of all
these deviant sequences is uncertain, they were excluded
from the following analyses.
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Table 1. Sample data and mitochondrial haplotype designations for populations of Scaphiophryne gottlebei (S. got.) and Mantella expectata (M. exp.) in the area of Isalo
National Park (INP), Madagascar
Locality/population Latitude (S) Longitude (E) INP grp. Sample size Haplotypes P
S. got. M. exp. S. got. M. exp. S. got. M. exp.
Ambatovaky 23124.180 45106.160 Out – 2 – 2 (E11, E12) – 0.00332
Ambovo 22130.480 45121.150 In 2 5 1 (S1) 3 (E1–E3) 0 0.00166
Amparambatomavo 22118.110 45121.360 In 4 2 1 (S1) 2 (E2, E3) 0 0.00166
Ampasibe 23102.350 45116.570 Out – 7 – 4 (E1, E8, E10, E15) – 0.00221
Andohaosy 22131.000 45120.000 In – 2 – 1 (E3) – 0
Andohasahenina 22150.000 45111.280 Out 35 3 3 (S1, S2, S4) 3 (E1, E5, E7) 0.00133 0.00332
Andranombilahy 22148.510 45114.160 Out 1 – 1 (S2) – nc –
Andranomena 22144.410 45116.500 Out 7 19 2 (S1, S2) 3 (E1, E5, E8) 0.00078 0.00091
Antambonoa 22122.310 45117.460 In 1 5 1 (S1) 2 (E2, E3) nc 0.00100
Bemenara 22148.070 45115.000 Out 9 6 4 (S1–S3, S5) 5 (E1, E6, E7, E10, E13) 0.00183 0.00310
Bevato 22130.360 45121.350 In 2 – 1 (S1) – 0 –
Grotte des Portugais 22118.060 45118.370 In – 1 – 1 (E2) – nc
Iambahatsy 22124.350 45116.130 In – 8 – 3 (E1–E3) – 0.00160
Isalo Oasis 22137.370 45121.120 Out – 4 – 2 (E1, E15) – 0.00083
Lola 22155.540 45119.480 Out 4 10 3 (S1, S6, S7) 2 (E1, E5) 0.00165 0.00059
Malaso 22135.310 45121.320 Out 7 8 5 (S1, S8–S11) 3 (E1, E2, E15) 0.00235 0.00113
Morahariva 22146.120 45118.420 Out – 10 – 3 (E1, E5, E9) – 0.00126
Petit Nazareth 22133.250 45121.230 In 3 3 2 (S1, S11) 2 (E1, E3) 0.00110 0.00221
Reine de l’Isalo 22137.410 45120.380 Out – 2 – 1 (E1) – 0
Sahanafa* 22118.350 45117.480 In – 3 – 2 (E2, E3) – 0.00111
Sakamalio 22126.090 45115.310 In – 5 – 3 (E2–E4) – 0.00199
Sakavato* 23129.010 44156.090 Out – 1 – 1 (E10) – nc
Tsianerena* 22152.380 45118.260 Out – 6 – 1 (E1) – 0
Tsimanolabero 22134.590 45123.000 Out – 4 – 2 (E1, E16) – 0.00083
Tsiombivositra 22118.150 45121.500 In 2 8 1 (S1) 2 (E2, E3) 0 0.00071
Vohitanana 22138.120 45120.460 Out 1 3 1 (S1) 1 (E1) nc 0
Zahavola 22137.380 45121.520 Out 24 21 1 (S1) 4 (E1, E5, E14, E15) 0 0.00095
Total 102 148 11 16 0.00127 0.00202
Locality names as given by local people, thus unofﬁcial. Asterisks denote populations of M. expectata found in syntopy with M. betsileo. INP grp. ¼ assignment to locality grouping ‘inside’ or
‘outside’ the park (see text). Number of haplotypes found per locality and species followed by corresponding haplotype designation(s) in parenthesis. P ¼ nucleotide diversity according to Nei
(1987); nc ¼ not calculated. Samples not used for phylogeographic analyses (deviant haplotypes) not included.
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Fig. 1. Sampling localities for Scaphiophryne gottlebei (A) and Mantella expectata (B), representing the respective reliably known
distribution areas, as records of M. expectata from near Toliara and Morondava, and from Mikea forest, require conﬁrmation
(Vences et al. 1999; Rabemananjara et al. 2007). Outline of Isalo National Park shown in yellow; inset: location of Isalo Massif in
Madagascar. Colors of localities are as in the haplotype networks in Fig. 2.
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nucleotide diversity
We used the program TCS, ver. 1.21 (Clement et al.
2000), to reconstruct haplotype networks for the two
frog species studied. This software employs the method
of Templeton et al. (1992), calculates the number of
mutational steps by which each haplotype pair differs,
and computes the probability of parsimony for pairwise
differences until the probability exceeds 0.95.
For both species, nucleotide diversity (P) according
to Nei (1987) and the average number of nucleotide
differences per site between sequences were calculated, for
the full data sets and separately for samples from inside
and outside the INP, using DNASP software, ver. 4.50.3
(Rozas et al. 2003). We compared nucleotide diversity
within and between species using Mann–Whitney U-tests
(run with KyPlot software, ver. 1.0 beta 7; Yoshioka
2002). Speciﬁcally, we tested (1) all S. gottlebei popula-
tions inside the park vs. those outside, (2) allM. expectata
populations inside the park vs. those outside, and (3) all
S. gottlebei vs. all M. expectata populations.Mismatch distribution and gene ﬂow
Episodes of population growth and decline leave
characteristic signatures in the distribution of pairwise
nucleotide differences between populations (Rogers and
Harpending 1992). However, there are no obvious
reasons to assume that S. gottlebei and M. expectata
are affected by signiﬁcant growth or decline of popula-
tion size. Thus, we compared the empirical mismatch
distributions within the two subgroups (inside andoutside the INP) and within species under the assump-
tion of constant population size, using DNASP.
To quantify the extent of genetic divergence between
the populations inside and outside the INP, we used
Arlequin, ver. 3.1 (Excofﬁer et al. 2005), to compute the
genetic distances by means of a comparison between
allele frequencies. For this purpose we applied the Fst
(Fixation Index) values (using the corrected version as
deﬁned by Weir and Cockerham 1984) as a measure of
the average level of gene ﬂow. The test of signiﬁcance for
the Fst was carried out on 1000 permutations of the data.Isolation by distance
Population coordinates were collected by GPS in the
ﬁeld, then converted to a decimal-degree (Deg Dec)
format suitable for further analysis using the coordi-
nate converter available at http://www.fcc.gov/mb/
audio/bickel/DDDMMSS-decimal.html. Using Pathmatrix,
ver. 1.1 (Ray 2005), a GIS tool based on a least-cost
path algorithm, and providing the list of populations
and appropiate Deg Dec coordinates, we computed
matrices of effective geographic distances among popu-
lations, using Euclidean distances.
Isolation by distance (IBD) is deﬁned as the
accumulation of genetic differentiation with increased
geographical distance, resulting from restricted dispersal
if compared with the geographic range (Wright 1943).
IBD analyses were run using the IBD Web Service
(Jensen et al. 2005). This approach allows testing
whether there is a correlation between genetic distances
and geographic distances, using Mantel tests. Analyses
were performed for each species separately, using values
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Table 2. Diversity indices for partial cytochrome b gene in
Scaphiophryne gottlebei and Mantella expectata from inside
and outside of Isalo National Park (INP), Madagascar
Population n loc n ind n hap P sd(P)
S. gottlebei
Inside INP 6 14 2 0.00023 0.00019
Outside INP 8 88 11 0.00138 0.00016
Total 14 102 11 0.00127 0.00015
M. expectata
Inside INP 10 42 4 0.00150 0.00018
Outside INP 15 106 14 0.00145 0.00017
Total 25 148 16 0.00202 0.00016
A. Crottini et al. / Organisms, Diversity & Evolution 8 (2008) 368–377 373of Fst as proxies for genetic distances (DNA distance
method: haplotypes equidistant); data were permuted
30,000 times to estimate the 99% upper tail probability
of the matrix correlation coefﬁcients. The correlation
coefﬁcient (r) indicates the degree of correlation between
geographical and genetic distances. The probability
value (Po0.001) indicates that correlation coefﬁcients
are signiﬁcantly different from 0.
A limitation of this program is the fact that a maximum
of one population may contain a single individual. We
therefore excluded from these analyses two single-
specimen populations of S. gottlebei (Andranombilahy
and Vohitanana) and one of M. expectata (Grotte des
Portugais).n loc ¼ number of localities; n ind ¼ number of individuals;
n hap ¼ numbers of haplotypes; P ¼ nucleotide diversity according
to Nei (1987); sd(P) ¼ standard deviation of nucleotide diversity.Results
Alignment characteristic, nucleotide diversity
and mismatch distribution
Alignment of sequences was straightforward. We did
not detect any gaps, and translation into amino acids
resulted in neither nonsense nor stop codons. In
Mantella expectata 17 sites out of 603 used for analyses
(2.82%) were variable, with eight being parsimony-
informative, and the empirical base frequencies were
pA ¼ 0.269, pC ¼ 0.283, pG ¼ 0.126, pT ¼ 0.321. In
S. gottlebei 11 sites out of 615 used for analyses
(1.79%) were variable, but just four were parsimony-
informative, and the empirical base frequencies were
pA ¼ 0.252, pC ¼ 0.329, pG ¼ 0.137, pT ¼ 0.282.
In M. expectata and S. gottlebei we identiﬁed 16 and
11 haplotypes, respectively. The P of Nei (1987) was not
signiﬁcantly different between the populations sampled
inside and outside the INP (Mann–Whitney U-test;
P40.05) in M. expectata, but was signiﬁcant in
S. gottlebei (Mann–Whitney U-test; Po0.05). When
comparing the P values between the two species
(considering all populations within each species),
we found S. gottlebei to have less genetic diversity
than M. expectata (Table 2), but the difference was
not statistically signiﬁcant (Mann–Whitney U-test;
P40.05). Probably because of their small distribution
area and of their large codistribution, the raggedness of
empirical mismatch distributions within regions and
within species suggests that there is no difference in
population history between these two species. Under all
conditions tested we found congruence with a distribu-
tion under constant population size.
Haplotype networks
The haplotype network constructed from sequences of
S. gottlebei (Fig. 2A) shows that haplotype S1 isdistributed over the species’ entire distribution range.
Except for haplotype S2, occurring at four southern
localities, and S11, occurring at Malaso and Petit
Nazareth, all haplotypes are locally restricted, and
differ from S1 by just one or two substitutions. Inside
the park we were able to identify just two haplotypes
(S1 and S11), while the highest mitochondrial genetic
variability of the species is found outside the INP. In
particular, the haplogroup consisting of haplotypes S2–S5
is restricted to the southernmost part of the species’ range,
while the locally derived haplotypes S6–S10 are found
only at two localities: Lola and Malaso.
The haplotype network of M. expectata (Fig. 2B)
shows a partly different pattern. One haplotype, E1, is
well distributed and widespread but mainly occurs
outside the park, with the exception of three populations
inside the park borders: Ambovo, Andohaosy and Petit
Nazareth. In the haplogroup E2–E4, haplotypes E2 and
E3 basically occur in all populations inside the park,
whereas E4 is restricted to the single locality of
Sakamalio, but again inside the park. In contrast, in
the populations outside the park, haplotypes E2 and E3
are almost absent, with the only exception of Malaso, a
locality placed on the park border, where we found
haplotype E2. Besides haplotype E1, just three more
haplotypes are distributed across the entire region: E5,
E10 and E15. All other haplotypes are locally restricted
and occur at only one or two localities outside the park.
Therefore, the highest genetic variability is found in the
south, outside the INP boundaries, where all haplotypes
except E4 occur.Gene ﬂow and isolation by distance
In the permutation test all Fst values resulted
signiﬁcantly different from zero, and the obtained
measure of population differentiation (Fst ¼ 0.31162)
ARTICLE IN PRESS
2
1
3-5
6-8
60-70
16-21
S7S6
C-62-G
C-529-A
S10
S9
C-124-G
T-301-C
G-95-A
G-64-T
S1
T-418-C
T-133-CS4
S5
C-25-T T-127-C
S3
S2
T-22-C
T-475-C
C-325-T T-283-C
G-193-A
C-136-T
A-448-G
T-487-C
T-317-C
A-10-G
A-82-G
T-352-C
G-397-A
T-179-C
T-379-C T-315-C
T-536-C
E1
E14
E7
E16
E15
E5E3
E4
E8
E9
E10
E11
E12E13
E6
Ambovo
Amparambatomavo
Andohasahenina
Andranomena
Antambonoa
Bemenara
Bevato
Lola
Malaso
Tsiombivositra
Vohitanana
Zahavola
Andranombilahy
Sakavato
Ampasibe
Andohaosy
Iambahatsy
Sahanafa
Sakamalio
Grotte des Portugais
Morahariva
Isalo Oasis
Reine de l’Isalo
Tsianerena
Tsimanolabero
Ambatovaky
Petit Nazareth
E2
S11
C-385-T
S8
Fig. 2. Haplotype networks based on the analysis of a fragment of mitochondrial cytochrome b gene: (A) Scaphiophryne gottlebei;
615 bp and (B) Mantella expectata; 603 bp. Circle size proportional to number of individuals sharing a given haplotype. Black bars
represent single nucleotide substitutions. Localities inside Isalo National Park shown in different shades of blue, those outside INP
in different shades of yellow, orange or brown. Within circles, thick black lines separate localities inside and outside Isalo National
Park.
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groups of populations of S. gottlebei, a result that
certainly is largely inﬂuenced by the wide distribution of
haplotype S1. The situation is different forM. expectata
populations, for which the relatively high Fst value
(Fst ¼ 0.57659) suggests the existence of only limited
gene ﬂow between populations inside and outside the
INP. This result is well supported by the almost
exclusive presence of haplotypes E2–E4 inside the park,
where the remaining haplotypes (except for E1) are
missing.
In S. gottlebei the correlation between genetic and
geographic distance resulted as not signiﬁcantly differ-
ent from 0 (p ¼ 0.3675; Z ¼ 24.3510; r ¼ 0.0411). The
correlation coefﬁcient was signiﬁcantly different from 0
(po0.001) in the IBD analysis of M. expectata, but the
correlation between genetic and geographic distance was
still weak (Z ¼ 3,582,562.0368; r ¼ 0.3951).Discussion
We found different patterns of mitochondrial vari-
ability in the two studied species. Overall, S. gottlebei
shows a lower number of haplotypes and lower
nucleotide diversity than M. expectata, although the
difference between the nucleotide diversities was not
statistically signiﬁcant. In S. gottlebei a single haplotype
was dominant in all populations, and several of the
other haplotypes occurred in single individuals only,
thus probably representing are haplotypes. In contrast,
M. expectata had a stronger substructuring of popula-
tions, with particular haplotypes being common in
either northern or southern populations, and a sig-
niﬁcant (though weak) trend of isolation by distance.
These data roughly ﬁt the previous prediction by Vences
et al. (2002), who had related the low substitution rate
found in all species of Scaphiophryne to their pond
breeding habit and their presumed higher dispersal
ability, which would counteract the ﬁxation of more
local haplotypes. The habitat specialization observed in
S. gottlebei (Andreone et al. 2005b, 2006; Mercurio and
Andreone 2006) at ﬁrst glance contradicts the notion of
a relatively mobile species, but very few direct observa-
tions on this aspect are available. If our inference of high
gene ﬂow among S. gottlebei populations is correct, then
migration events likely take place during the often heavy
and long-lasting rainfalls of the austral summer, which
coincide with the toads’ short breeding season. In this
sense, the synchrony of the breeding period of
S. gottlebei individuals can play a key role in the
maintenance of high gene ﬂow between populations.
This statement is reinforced by our sightings, during
some stormy days, of adults moving in open spaces far
away from any water bodies, and of tadpoles washed
away after heavy rains.The low mitochondrial variation observed in S. gottlebei
theoretically could also be due to other factors. For
example, sampling may have been biased by the presence
of populations represented only by tadpoles (with
individuals that could be part of the same clutch).
However, the effect of such a possible sampling bias is
very small, as our study includes samples from many
different localities, with only a small proportion of
tadpoles and a higher number of adult individual from
each population. Additionally, S. gottlebei has a more
restricted distribution and shows stronger genetic isolation
than M. expectata. Although both species are currently
considered as Isalo endemics, M. expectata-like forms are
known from several localities in western Madagascar, thus
gene ﬂow between populations from outside the Isalo
region may occur. Moreover, processes of hybridiza-
tion with the closely related and partly syntopic forms
M. aff. expectata and M. betsileo may also occur, leading
to higher mitochondrial variation. In contrast, no popula-
tions of Scaphiophryne species similar to S. gottlebei
are known from outside the Isalo region, and due to
the tetraploidy in S. gottlebei, hybridization with other
species or gene ﬂow with populations from outside the
Isalo region are very unlikely. Thus, bottleneck effects in
this area could reduce the genetic variability of this species
more easily than in M. expectata.
In S. gottlebei we also detected a lower genetic
diversity in populations inside the park, where across
six localities we found only two haplotypes. It was not
possible to determine whether this difference between
northern and southern populations is due to the
imbalance in numbers of individuals belonging to inside
versus outside populations. However, it is worth noting
that one fourth of the S. gottlebei samples used for the
analyses came from Zahavola (24 individuals), a site on
the park’s border (here grouped as ‘outside’ of the INP),
where all individuals share the same haplotype: the
widely distributed S1.
In contrast, based on ﬁeld observations, adult
individuals of Mantella expectata may be more philo-
patric, migrate less and be more restricted to the areas
along the temporary streams where they breed. This
biological difference could lead to somewhat more
restricted gene ﬂow between populations inside and
outside the park. Mantella expectata individuals from
northern and southern populations also differ in
phenotype, with more reddish dorsal colouration in
the north versus bright yellow in the south, whereas in
the southernmost populations, such as Sakavato, an
additional colour morph was recorded, showing a less
bright yellow dorsum and some intermediate chromatic
traits (e.g. presence of diamond-shaped markings on the
back, usually present in M. betsileo and absent in all
other M. expectata observed in the ﬁeld.
From a conservation perspective, it is relevant that
Isalo National Park harbours only part of the genetic
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expectata. Especially in M. expectata, the southern
populations (outside of the INP) are genetically distinct
and, if the colour differences prove to be consistent, they
deserve to be considered as distinct management units
for future conservation efforts. In S. gottlebei all
haplotypes are found in southern populations, although
one population with three unique haplotypes (Malaso) is
found just at the park boundary. Although receiving
some protection, this and other peripheral populations
most likely are under heavier anthropogenic pressure
than those deep inside the protected area. Our results
highlight the importance of the currently unprotected
populations of both species, i.e. those outside of Isalo
National Park, for conserving genetic diversity in
S. gottlebei and M. expectata. The whole Isalo Massif
would need to be included in the park to preserve the
genetic diversity of the analysed species. Streams and
spring ponds in arid areas are often under threat,
because water can be drained for human usage. Also,
there is a high risk that uncontrolled sapphire-mining
activities could expand into some of these areas.
Therefore, the natural water bodies near Isalo, popu-
lated by S. gottlebei and/or M. expectata, should receive
particular attention in conservation efforts (Andreone
et al. 2008) if in the future this area is further developed
for tourism or if mining activities are to be expanded.Acknowledgments
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